Calorie restriction (CR) refers to a reduction of calorie intake without compromising essential nutrients to avoid malnutrition. CR has been established as a non-genetic method of altering longevity and attenuating biological changes associated with aging. Aging is also an important risk factor for erectile dysfunction. The aim of this study was to examine whether CR diet can reverse the agerelated alterations of erectile tissue in the aged rat. Four groups of rats were used: young rats (7 months) + ad libitum, aged rats (22 months) + ad libitum, young rats + CR diet, and aged rats + CR diet. The ad libitum group had free access to both food and water, and CR groups were fed 60% of the food intake of their ad libitum littermates, starting from 6 weeks before sacrifice. The penis was harvested and stained with antibodies to von Willebrand factor, smooth muscle a-actin, platelet-derived growth factor receptor-b, phospho-eNOS, nNOS, and neurofilament. We also performed Masson trichrome staining and TUNEL assay. The blood samples were collected for the measurement of serum total testosterone level. The contents of endothelial cells, smooth muscle cells, pericytes, and neuronal cells as well as serum testosterone levels were significantly lower in the penis of aged rats than in their young littermates. CR significantly restored cavernous endothelial cells, smooth muscle cells, pericytes, and neuronal cell contents and decreased cavernous endothelial cell apoptosis and fibrosis in both young and aged rats. CR also increased serum testosterone level in aged rats, but not in young rats. CR successfully improved age-related derangements in penile neurovascular structures and hormonal disturbance. Along with a variety of lifestyle modifications, our study gave us a scientific rationale for CR as a non-pharmaceutical strategy to reprogram damaged erectile tissue toward neurovascular repair in aged men.
INTRODUCTION
Aging is a complex process with multiple alterations in the physiological functions and structure of the organism (Hwang et al., 2009) . Aging is also associated with changes in levels of antioxidant capacity and oxidative damage, ostensibly leading to mitochondrial dysfunction. These changes have been coupled to increased oxidative damage to DNA, lipids, and proteins (Ungvari et al., 2008) .
Aging is closely associated with erectile dysfunction (ED) and Massachusetts Male Aging Study showed that ED affected 57% of men aged 60-69 years and the prevalence was increased to 67% after the age of 70 years (Feldman et al., 1994) . Penile erection is a neurovascular phenomenon that requires well-coordinated and functional interaction between penile vascular and nervous system (Andersson, 2011; Yin et al., 2015) . Multiple pathogenic factors, such as diminished penile blood flow due to medial thickening of pudendal artery (Hannan et al., 2010) , decrease in neuronal nitric oxide synthase (nNOS)-positive nerve fibers in the penis (Carrier et al., 1997) , reduced cavernous smooth muscle content and subsequent veno-occlusive dysfunction (Bakircioglu et al., 2001; Davila et al., 2004) , altered cavernous growth factor expression (Rajasekaran et al., 2002) , and decrease in serum testosterone level (Harman et al., 2001) , are known to be involved in agerelated ED.
Over the last 75 years, calorie restriction (CR) has been established as a non-genetic method of altering longevity and improving detrimental biological changes associated with aging (McCay et al., 1935; Lane et al., 1999; Koubova & Guarente, 2003) . CR refers to a reduction in calorie intake without compromising essential nutrients to avoid malnutrition (Yu, 2000) . The beneficial effects of CR include modifications in energy metabolism, oxidative stress, insulin sensitivity, inflammation, autophagy, and neuroendocrine function (Testa et al., 2014) . Moreover, accumulating data from observational and randomized clinical trials indicated that CR ameliorates multiple metabolic factors that are implicated in type 2 diabetes, cardiovascular diseases, and cancer (Most et al., 2016) .
It was reported that low-calorie diet and high-protein diet improve erectile function and decreases serum inflammatory markers in obese men with type 2 diabetes (Khoo et al., 2011) . CR also preserved erectile function in young rats by improving endothelial function of internal pudendal artery and by preventing accumulation of visceral adipose tissue (Maio et al., 2012) . However, the role of CR on age-related ED is as yet largely unknown. Moreover, the biological effects of CR on aged penis are even unclear. In the present study, therefore, we examined whether CR can reverse the age-related alterations of erectile tissue in the aged rat.
MATERIALS AND METHODS

Animals and treatment
The experiments performed were approved by the Institutional Animal Care and Use Subcommittee of our university. Tissue and blood samples from male Fisher 344 rats (7-monthold young rat and 22-month-old aged rat) were obtained from Aging Tissue Bank (http://knrrb.knrrc.or.kr; Busan National University, Busan, Korea). The rats were distributed into four experimental groups: young rats fed ad libitum, aged rats fed ad libitum, young rats fed CR diet, and aged rats fed CR diet. The diet composed of 21% soybean protein, 15% sucrose, 43.7% dextrin, 10% corn oil, 0.15% a-methionine, 0.2% choline chloride, 5% salt mix, 2% vitamin mix, and 3% Solka-Floc fiber. The ad libitum group had free access to both food and water, and CR group were fed 60% of the food intake of their ad libitum littermates, starting from 6 weeks before sacrifice. Rats were housed individually in polycarbonate cages with wood chip bedding and maintained in an air-conditioned animal room with 50-60% of humidity at 24°C, and 12-h light and dark cycle (lights on at AM 7:00 and off at PM 7:00). Rats were anesthetized with ketamine (100 mg/kg) and xylazine (5 mg/ kg) intramuscularly. Penis tissue was then harvested for histologic examination, and blood was extracted by direct cardiac puncture.
Histologic examination
A mid-portion of each penile segment was harvested and immediately fixed in 4% paraformaldehyde for 24 h at 4°C. Specimens were cut into 12-lm sections and stained using Masson trichrome (n = 5 per group). Quantitative analysis of smooth muscle (red) and collagen fibers (blue) in cavernous tissue was carried out with an image analyzer system (National Institutes of Health [NIH] IMAGE J 1.34, http://rsb.info.nih.gov/ij/index.html). We also assessed the degree of cavernous fibrosis, as determined by the ratio of collagen to smooth muscle in the corpus cavernosum tissue.
For fluorescence microscopy (n = 5 per group), penis tissue was fixed in 4% paraformaldehyde for 24 h at 4°C, and frozen tissue sections (12-lm thick) were permeabilized with 0.1% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) for 15 min at room temperature. After washing three times with phosphatebuffered saline (PBS), samples were then treated with 3% bovine serum albumin for 1 h at room temperature to minimize nonspecific binding of antibodies. After washing with PBS, samples were incubated with antibodies to von Willebrand factor (an endothelial cell marker; DakoCytomation, Glostrup, Denmark; 1 : 50), smooth muscle a-actin (a smooth muscle cell marker; Sigma-Aldrich; 1 : 1000), platelet-derived growth factor receptor-b (a pericyte marker; Santa Cruz Biotechnology, Santa Cruz, CA, USA; 1 : 50), phosphorylated endothelial nitric oxide synthase (phospho-eNOS; Ser1177, Cell Signaling, Beverly, MA, USA; 1 : 100), nNOS (Transduction Laboratories, Inc., Lexington, KY, USA; 1 : 100), or neurofilament (a neuronal marker, SigmaAldrich; 1 : 50), at 4°C overnight. After a number of washes with PBS, the sections were incubated with tetramethyl rhodamine isothiocyanate or fluorescein isothiocyanate-conjugated secondary antibodies (Zymed Laboratories, South San Francisco, CA, USA) for 2 h at room temperature. Control sections were incubated without the primary antibody at this step. Samples were mounted in a solution containing 4,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Inc. Burlingame, CA, USA) for nuclei staining. Signals were visualized and digital images were obtained using a confocal microscope (FV1000, Olympus, Tokyo, Japan).
The content of endothelial cells, smooth muscle cells, and pericytes in the corpus cavernosum as well as neuronal content in dorsal nerve bundle were quantitatively analyzed using an image analyzer system (NIH IMAGE J 1.34). All quantitative analyses were performed in a blinded fashion, and we analyzed two sections per animal.
Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling (TUNEL) assay
To evaluate apoptosis in endothelial cells, the TUNEL assay was performed using the ApopTag â Fluorescein In Situ Apoptosis Detection Kit (S7160, Chemicon, Temecula, CA, USA) on frozen tissue sections (n = 5 per group), and the sections were then incubated with antibody to von Willebrand factor (DakoCytomation). The numbers of apoptotic cells in endothelial cells were counted at a screen magnification of 9400.
Measurement of serum total testosterone
Blood samples were stored at EDTA-coated plastic tube. After centrifugation at 4°C, serum supernatant was stored at À70°C until assay. Serum total testosterone level was measured by radioimmunoassay (n = 4 per group).
Statistical analysis
Results are expressed as the mean AE standard errors. Group comparisons of parametric data were made by one-way analysis of variance followed by Newman-Keuls post hoc test. We used the Kruskal-Wallis test for nonparametric data. We performed statistical analysis using SIGMASTAT 3.5 software (Systat Software Inc., Richmond, CA, USA). p values <5% were considered significant.
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RESULTS CR decreases cavernous endothelial cell apoptosis
To determine endothelial cell apoptosis, we performed double labeling of cavernous tissue with TUNEL and antibody to von Willebrand factor. The number of apoptotic cells in cavernous endothelial cells was significantly greater in the aged rats than in the young rats. CR significantly decreased cavernous endothelial cell apoptosis in both young and aged rats (Fig. 1) .
CR increases cavernous endothelial cell, smooth muscle cell, and pericyte contents
Immunohistochemical staining of cavernous tissue with antibodies to von Willebrand factor, smooth muscle a-actin, and PDGFRb was performed in young and aged rats with or without CR. We found significantly lower cavernous endothelial cell, smooth muscle cell, and pericyte contents in the aged rats than in the young rats. CR profoundly restored cavernous endothelial cell, smooth muscle cell, and pericyte contents in both young and aged rats (Figs 2 & 3) . The contents of cavernous endothelial cells and smooth muscle cells in aged rats with CR were comparable to the level found in young rats fed ad libitum (Fig. 2) . However, cavernous pericyte content in aged rats with CR did not reach the level found in young rats fed ad libitum (Fig. 3) .
CR induces eNOS phosphorylation
eNOS phosphorylation was significantly lower in the aged rats than in the young rats. CR significantly induced eNOS phosphorylation in aged rats, but not in young rats (Fig. 4) .
CR promotes neural regeneration
The expression of neurofilament and nNOS in the dorsal nerve bundle or corpus cavernosum of the penis was significantly lower in the aged rats than in the young rats. CR increased neuronal content in both young and aged rats. Similar to the results from the effects of CR on endothelial cells and smooth muscle cells in cavernous sinusoids, the neurofilament content in the dorsal nerve bundle and nNOS content in the corpus cavernosum of aged rats with CR were comparable to the level found in young rats fed ad libitum (Fig. 5) . 
CR decreases cavernous fibrosis
The degree of cavernous fibrosis, as determined based on the ratio of collagen to smooth muscle content in the corpus cavernosum, was higher in the aged rats than in the young rats. CR significantly decreased cavernous fibrosis in both young rats and aged rats. Moreover, the degree of cavernous fibrosis was similar between aged rats with CR and young rats fed ad libitum (Fig. 6) .
CR increases serum total testosterone level
Serum total testosterone concentration was significantly lower in the aged rats than in the young rats. CR increased serum testosterone level in aged rats, but not in young rats. The serum concentration of total testosterone in aged rats with CR was comparable to the level found in young rats fed ad libitum (Fig. 7) .
DISCUSSION
Lifestyle modifications, such as increasing physical activity, reducing body weight, healthy diet, and avoidance of tobacco products, have recently entered the realm of treatment of ED (Maiorino et al., 2015) . CR is known to prevent vascular aging and to improve neuroendocrine function (Ungvari et al., 2008; Testa et al., 2014) . Aging is an important risk factor for ED (Feldman et al., 1994) , and we found in rats that erectile function was significantly impaired in aged rats compared with their young littermates, as evaluated by electrical stimulation of cavernous nerve at different voltages and frequencies (Fig. S1 ). These findings led us to investigate whether and how CR affects on agerelated changes in erectile tissue. Here, it was shown that CR successfully improves age-related derangements in penile neurovascular structures: increase in endothelial cells, smooth muscle cells, pericytes, neuronal cells; restoration of serum total testosterone concentrations; and decrease in endothelial cell apoptosis and cavernous fibrosis.
Previous studies revealed increase in medical thickening of pudendal artery and impairments in endothelium-dependent relaxation in aged rats (Hannan et al., 2010) . The expression of angiogenic factors, such as vascular endothelial growth factor and angiopoietin 1, was significantly lower in the penis of aged rats than in young rats (Rajasekaran et al., 2002; Cordeiro et al., 2010) . There was progressive loss of anti-apoptotic genes, such as Bcl-2 and Bcl-x, in the corpus cavernosum of aged rats (Yamanaka et al., 2002) . In the present study, CR significantly decreased cavernous endothelial cell apoptosis and completely restored cavernous endothelial cell content in the aged rats, which was comparable to the level found in the young rats fed ad libitum. Increased production of reactive oxygen species is known to be involved in vascular dysfunction in aging (Ungvari et al., 2008) , and the expression of nitrotyrosine, a maker for peroxynitrite generation, was increased in the penis of aged rats (Ferrini et al., 2004) . Moreover, CR has been shown to decrease vascular reactive oxygen species generation and to improve endothelial function (Testa et al., 2014) . Therefore, although it is speculative, CR may restore cavernous endothelial content by reducing reactive oxygen species-mediated endothelial cell damage.
Similar to the results from previous studies in aged rats (Bakircioglu et al., 2001; Davila et al., 2004) , cavernous smooth muscle contents were significantly lower in aged rats than in their young littermates. Certain amount of cavernous smooth muscle content is crucial for proper veno-occlusive function, and CR successfully restored cavernous smooth muscle content in aged rats.
Pericytes are discovered as a population of contractile cells covering the endothelial cells (D ıaz-Flores et al., 1990) and play a crucial role in maturation of the blood vessel, which regulates vascular tone and blood flow as well as vascular permeability (Armulik et al., 2011) . We recently documented the presence of pericytes in erectile tissue by primary isolation of cultivation and using immunohistochemistry (Yin et al., 2015) . The loss of pericytes and a subsequent increase in the vascular permeability were noted in corpus cavernosum of diabetic mice, whereas intracavernous administration of hepatocyte growth factor protein successfully restored erectile function through the restoration of cavernous pericyte content and the decrease in cavernous permeability in diabetic mice (Yin et al., 2015) . In the present study, we for the first time documented a decrease in cavernous pericyte content in aged rats and the restoration of pericyte content in those rats fed CR diet. The integrity of cavernous nerve is crucial for initiation of penile erection. In accordance with the results from previous studies in aged rats (Carrier et al., 1997; Ferrini et al., 2004; Gao et al., 2007) and rabbits (Numao et al., 2007) , the content of neurofilament-positive nerve fibers was significantly lower in dorsal nerve bundle of aged rats than that in young rats. CR increased neuronal content in the aged rats, which was comparable to the level found in young rats fed ad libitum.
Sirtuin 1 (SIRT1) is known to promote angiogenic potential and regenerative function at endothelial cell and smooth muscle cell levels (Kitada et al., 2016) . It was reported in angiotensin IIinfused ApoE knockout mice that CR increases vascular smooth muscle density and decreases abdominal aortic aneurysm formation through upregulation of SIRT1 (Liu et al., 2016) . SIRT1 also has a neuroprotective effect and improves motor function through preservation of neurotrophic factors in an animal model of neurodegenerative disorder (Jiang et al., 2011) . Lifelong CR alleviated age-related oxidative damage in peripheral nerves (Opalach et al., 2010) . Therefore, although it is speculative, CRmediated induction of SIRT1 and reduction of oxidative stress may play a crucial role in the restoration of age-related derangements in penile neurovascular structure.
Previous studies reported an increase in transforming growth factor-b1, a pro-fibrotic cytokine, and accumulation of collagen in the corpus cavernosum of aged rats (Dahiya et al., 1999; . CR protected rat heart against age-induced inflammation and fibrosis by inhibiting oxidative damage (Castello et al., 2010) . In agreement with these findings, the content of connective tissue in the corpus cavernosum was higher in aged rats than in young rats, which was completely reversed by CR diet. Reduced oxidative damage and improved cavernous oxygenation from the restoration of penile neurovascular structure may be responsible for CR-mediated decrease in deposition of the connective tissue.
In the present study, CR also significantly reversed age-related decline in serum total testosterone level. Accumulating evidence supports a regulatory role of testosterone in erectile physiology, maintaining penile neurovascular architecture, and regulation of pathway involved in smooth muscle tone and nitric oxide neurotransmission (Podlasek et al., 2016) . Therefore, the restoration of serum testosterone level by CR diet may contribute, at least in part, to CR-mediated restoration of penile neurovascular architect in the aged rats. Although we did not provide data for body weight change after CR, previous studies 1028 Andrology, 2017 Andrology, , 5, 1023 Andrology, -1031 in young and old rats reported that 4-week and 8-week duration of CR shows 13 and 15% decrease in body weight compared with their ad libitum littermates, respectively (Ning et al., 2013; Ran et al., 2015) .
We determined the mechanisms by which CR induces favorable histologic and hormonal changes in the aged rats using histologic and biochemical studies. It is noteworthy to document that CR also exerted positive influence on the penile neurovascular structures in young rats. However, because we obtained blood and tissue samples from Aging Tissue Bank (http://knrrb.knrrc.or.kr), we could not verify whether CR restores erectile function in aged rats by use of a physiologic erection studies, and this is a limitation of ours.
CONCLUSIONS
Calorie restriction successfully improved age-related derangements in penile neurovascular structures and hormonal Figure 5 Calorie restriction (CR) promotes neural regeneration. (A) Immunofluorescent staining of penis tissue with antibodies to neurofilament (green) and neuronal nitric oxide synthase (nNOS, red) in young and aged rats fed ad libitum or CR diet. Size bar = 100 lm. (B-D) Quantitative analysis of neurofilament-and nNOS-positive area in dorsal neurovascular bundle (DNB) or corpus cavernosum of penis was performed using an image analyzer. Each bar depicts the mean AE SE from n = 5 animals per group. *p < 0.05, **p < 0.01, ***p < 0.001. [Colour figure can be viewed at wileyonlinelibrary.com].
disturbance. Along with a variety of lifestyle modifications, our study gave us a scientific rationale for CR as a non-pharmaceutical strategy to reprogram damaged erectile tissue toward neurovascular repair in aged men. Quantitative analysis of collagen (blue) and smooth muscle (red) content in cavernous tissue was performed using an image analyzer. The degree of cavernous fibrosis determined based on the ratio of collagen to smooth muscle content in each group. Each bar depicts the mean AE SE from n = 5 animals per group. *p < 0.05, **p < 0.01. [Colour figure can be viewed at wileyonlinelibrary.com].
Figure 7
Calorie restriction (CR) increases serum total testosterone level. Serum total testosterone level in young and aged rats fed ad libitum or CR diet. Each bar depicts the mean AE SE from n = 4 animals per group. *p < 0.05, **p < 0.01, ***p < 0.001.
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